Microorganisms are able to survive and grow in changing environments by activating stress adaptation mechanisms which may enhance bacterial robustness. Stress-induced enhanced robustness complicates the predictability of microbial inactivation. Using psychrotolerant Bacillus weihenstephanensis strain KBAB4 as a model, we investigated the impact of the culturing temperature on mild-oxidative-stress-induced (cross-)protection toward multiple stresses, including severe oxidative, heat, and acid stresses. Culturing at a refrigeration temperature (7°C) compared to the optimal growth temperature (30°C) affected both the robustness level of B. weihenstephanensis and the oxidative stress adaptive response. Scavengers of reactive oxygen species have a crucial role in adaptation to oxidative stresses, and this points to a possible predictive role in mild-oxidative-stress-induced robustness. Therefore, the catalase activity was determined upon mild oxidative stress treatment and was demonstrated to be significantly correlated with the robustness level of mild-stress-treated cells toward severe oxidative and heat stresses but not toward severe acid stress for cells grown at both refrigeration and optimal temperatures. The quantified correlations supported the predictive quality of catalase activity as a biomarker and also underlined that the predictive quality is stress specific. Biomarkers that are able to predict stress-induced enhanced robustness can be used to better understand stress adaptation mechanisms and might allow the design of effective combinations of hurdles to control microbial behavior.
B
acteria are frequently exposed to changing environments in their natural habitats and throughout the human food chain. Dynamic conditions trigger adaptation, and microorganisms can gain robustness upon the activation of stress adaptive mechanisms. Stress-induced enhanced robustness complicates predictions of microbial inactivation, and the early detection of these adaptive traits will allow a better control of stress-adaptive behavior.
Bacillus weihenstephanensis is a psychrotolerant species belonging to the Bacillus cereus group, and due to its abilities to grow at refrigeration temperatures and form heat-resistant spores, this microorganism can proliferate in chilled and minimally processed foods. It has been isolated from egg products (1, 2) and from milk and dairy farm environments (3) . In contrast to its closely related species B. cereus, B. weihenstephanensis has not been reported to be involved in food-borne disease. However, virulence in an insect model at a low temperature was recently reported (4), and B. weihenstephanensis strains capable of producing cereulide have been described (5, 6) , highlighting the food-borne disease potential of this organism.
The ability of the mesophilic species B. cereus to gain robustness elicited by mild-stress pretreatment has been well documented (7) (8) (9) (10) (11) , and so has the stress-dependent nature of the protective effect induced by such a treatment. Also, the psychrotolerant species B. weihenstephanensis was shown to become more heat resistant after pretreatment with mild stresses (12) , and an overlap in the production of selected stress proteins may contribute to this cross-protective phenomenon (12) . Chilling is commonly used in the minimal-processing food chain to control bacterial growth and might influence the adaptive stress response of food-borne microorganisms. As indicated by the limited literature describing the effect of low temperatures on stress adaptation, the adaptive response providing a robustness enhancement indeed depends on the culturing temperature during adaptation (13, 14) , and this is especially relevant for further investigations of psychrotolerant species such as B. weihenstephanensis.
Recently, we designed a framework for identifying biomarkers that could predict the robustness level of mild-stress-treated cells (11) . Comparisons of genome-wide transcriptome profiles of B. cereus upon exposure to various mild stresses pointed to a rather limited number of candidate biomarkers. Their induction seemed to be stress independent and might therefore be important in adaptation to multiple stresses. The predictive potential of these candidate biomarkers was evaluated by measuring transcript, protein, and activity levels upon mild-stress treatment, after which their induction levels were quantitatively correlated with the robustness level of mildly stressed cells. This revealed that catalase activity could function as a biomarker for mild-stress-induced robustness in B. cereus (11, 15) . Scavengers of reactive oxygen species (ROS), such as catalases, are ubiquitous in nature and are known to have crucial roles in stress adaptation and survival in species other than B. cereus, including Bacillus subtilis (16, 17) , and also in Saccharomyces cerevisiae (18, 19) and have the potential to function as biomarkers for stress-induced enhanced robustness in psychrotolerant bacteria such as B. weihenstephanensis. A good performance (i.e., predictive quality) of biomarkers in more than one species will strengthen their predictive potential. Therefore, in this study, we investigated the ability of B. weihenstephanensis to gain robustness toward multiple stresses upon pretreatment with mild oxidative stress at optimal and low incubation temperatures and evaluated whether catalase activity could function as a biomarker for mild-stress-induced robustness.
MATERIALS AND METHODS
Bacterial strain and inoculum preparation. The bacterial strain used in this study was B. weihenstephanensis KBAB4, kindly provided by the Institute National de la Recherche Agronomique (INRA, France). Stock cultures grown in brain heart infusion (BHI; Becton Dickinson) broth were stored at Ϫ80°C in 25% (vol/vol) glycerol. Before each experiment, bacteria were inoculated into BHI broth and incubated overnight at 30°C with shaking at 200 rpm (Innova 4335; New Brunswick Scientific) or at 7°C with shaking at 200 rpm (Forma orbital shaker 481; Thermo Electron Corporation) until the stationary phase.
Treatment with mild oxidative stress and subsequent severe H 2 O 2 , heat, and acid stress treatment. The stationary-phase cell suspension was inoculated into fresh BHI broth and incubated at 30°C or 7°C with shaking at 200 rpm until the exponential growth phase (absorbance at 600 nm of 0.4 to 0.5) (Novaspec II spectrophotometer; Pharmacia Biotech). The presence of spores in these exponential-phase cell suspensions was investigated; the number of spores was less than 1 CFU/ml, and the pH of the cultures was not below 7.0. Upon reaching this optical density, cells cultured at 30°C were exposed to 0.05 mM H 2 O 2 for 2, 5, 10, 15, 20, 30, and 60 min with shaking at 200 rpm, whereas cells cultured at 7°C were exposed to 0.05 mM H 2 O 2 for 0.25, 0.5, 1, 1.5, 2.5, 3, and 4 h at this temperature.
Both untreated cells and cells treated with mild oxidative stress were subsequently exposed to three severe stress conditions to determine their robustness level by using an inactivation procedure described previously (10) . Based on preliminary experiments, the following inactivation conditions were chosen to ensure inactivation within a rather short time span: cells cultured at 30°C were inactivated by heat treatment at 46°C, pH 3.1 treatment at 30°C, and treatment with 0.2 mM H 2 O 2 at 30°C, and cells cultured at 7°C were inactivated by heat treatment at 47°C, pH 3.7 treatment at 30°C, and treatment with 0.5 mM H 2 O 2 at 30°C. Samples were taken before and after severe stress treatment, and decimal dilutions were made in 0.1% peptone saline (1 g neutralized bacteriological peptone [Oxoid, United Kingdom] supplemented with 8.5 g sodium chloride per liter). After acid inactivation and H 2 O 2 inactivation, samples were decimally diluted in BHI broth to ensure no further inactivation during dilution and plating. Appropriate dilutions were surface plated, in duplicate, onto BHI agar plates (BHI broth supplemented with 15 g agar [Oxoid] per liter) by using a spiral plater (Eddy Jet; IUL Instruments), and the plates were incubated at 30°C for at least 24 h. The inactivation experiments were replicated 2 to 4 times on different days. The robustness of both untreated cells and cells treated with mild oxidative stress was determined as the number of microorganisms surviving the inactivation treatment, N(t), compared to the initial number of microorganisms before the inactivation treatment at time zero, N(0).
Determination of catalase activity upon treatment with mild oxidative stress. Catalase activity was determined in untreated and mild-oxidative-stress-treated cells cultured at 30°C and 7°C was determined according to procedures described previously (10, 20) . Briefly, cells were washed in phosphate-buffered saline and subsequently exposed to H 2 O 2 , and the decrease in the absorbance at 240 nm was measured over time at 30°C by using a spectrophotometer (Spectramax Plus 384; Molecular Devices). One unit of catalase activity was defined as a decrease in the absorbance at 240 nm of 1 unit per min. The rate of the decrease for each sample was corrected for the amount of cells used in the assay mixture and standardized to an absorbance value of 0.5 at 600 nm. For all experimental conditions, three catalase activity experiments were performed on different days.
Catalase activity was also visualized on polyacrylamide gels for untreated cells and cells treated with mild oxidative stress. For that, crude cell-free protein extracts were obtained according to a similar procedure described previously (20) , and 50 g was separated on a native 10% Tris HCl-polyacrylamide gel (Criterion; Bio-Rad Laboratories). Catalase activity was visualized as previously described (21), using a 2% ferric chloride potassium ferricyanide solution for staining.
Correlation of catalase activity and mild-oxidative-stress-induced robustness. To evaluate the correlation between the induction of catalase activity and the induction of robustness upon pretreatment with mild oxidative stress, the survival of cells treated with mild oxidative stress (s) was expressed relative to that of untreated cultures (un), log 10 transformed, log 10ͫ N͑t͒ s⁄N͑0͒ s N͑t͒ un⁄N͑0͒ un ͬ , and then averaged for the replicates.
Also, the induction of catalase activity upon treatment with mild oxidative stress was expressed relative to that of untreated cultures, log 10 transformed, and averaged for the replicates. The induction of catalase activity was then correlated to the induction of mild-stress-induced robustness, and the Pearson correlation coefficient, r, was calculated and tested for significance by using SPSS Statistics.
RESULTS
To assess whether catalase activity could function as a biomarker for mild-stress-induced robustness for B. weihenstephanensis, a previously designed (10) stepwise approach was followed (Fig. 1) . First, the induction pattern of catalase activity upon mild-stress treatment was determined. Previous findings pointed to the promising predictive potential of catalase activity (11, 15) , and
Schematic representation of the approach followed to evaluate the predictive potential of catalase activity as a biomarker for mild-stress-induced robustness. The induction of catalase activity ( ) was quantified upon mild-stress treatment. Also, cells were exposed to conditions of mild stress and subsequently exposed to severe stress to quantify the robustness enhancement elicited by mild-stress pretreatment. To evaluate whether the catalase activity could function as a biomarker for mild-stress-induced robustness, the induction of catalase activity upon mild-stress treatment was correlated to mild-stress-induced robustness, and this correlation was tested for significance (Adapted from reference 15 [published by BioMed Central].)
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therefore, catalase activity was selected as a candidate biomarker in this study. The ability of B. weihenstephanensis to gain a robustness advantage upon mild-stress pretreatment was then investigated and quantified. To evaluate whether catalase activity could predict the robustness advantage elicited by mild-stress pretreatment and, therefore, could function as a biomarker, the induction of catalase activity upon mild-stress treatment was correlated to mild-stress-induced robustness, and this correlation was tested for significance. Induction of catalase activity upon mild-stress treatment. The catalase activity was measured in exponentially growing B. weihenstephanensis cells precultured at 30°C and upon treatment with mild oxidative stress (Fig. 2) . As expected, mild-stress treatment resulted in increased catalase activity over time. Real-time reverse transcription-PCR analysis of the genes encoding catalases, namely, BcerKBAB4_1058, BcerKBAB4_2820, and BcerK-BAB4_4605, demonstrated that only BcerKBAB4_1058, which encodes the main vegetative catalase, was significantly induced and showed a transient induction pattern upon treatment with mild oxidative stress (data not shown). These observations are in line with previous findings for B. cereus (11) and highlight that transient gene expression can be linked to stable functional enzyme levels.
Catalase activity was also measured in cells cultured at 7°C and upon treatment with mild oxidative stress at this temperature, and a rather slow but sure increased catalase activity was shown over time ( Fig. 3) . At the transcription level, an increased gene expression level of BcerKBAB4_1058 was also observed in cells cultured at 7°C upon treatment with mild oxidative stress. The expression level of this gene in untreated cells cultured at 7°C was higher than that at 30°C (data not shown), which coincided with a slightly higher level of catalase activity in exponentially growing cells cultured at 7°C.
Mild-stress-induced robustness toward severe stresses. Next, the impact of treatment with mild oxidative stress on the robustness level of B. weihenstephanensis was quantified. For that, B. weihenstephanensis cells precultured at 30°C were exposed to mild oxidative stress (0.05 mM H 2 O 2 ), after which they were exposed to three severe stresses, namely, severe oxidative, heat, and acid stresses. Mild-stress pretreatment provided B. weihenstephanensis a robustness advantage toward severe oxidative stress and also conferred cross-protection against severe heat and acid stresses (Fig. 2) , with the (cross-)protection level being increased with increasing mild-stress pretreatment time. This was in agreement with previous findings with regard to the mesophilic species B. cereus (11) and highlighted that these two species, which are closely related, have similar adaptive traits.
Effect of refrigeration temperature on robustness and the adaptive stress response. The psychrotolerant characteristics of B. weihenstephanensis make it interesting to also quantify its robustness level and adaptive stress response at a low temperature. The temperature during culturing and upon treatment with mild oxidative stress did have a significant effect on the robustness level of B. weihenstephanensis. Exponentially growing cells cultured at 7°C were more resistant to severe oxidative stress than cells cultured at 30°C but were more sensitive to severe acid stress (Fig. 3) . The adaptive stress response elicited by treatment with mild oxidative stress was also affected by the incubation temperature. The robustness enhancement provided by pretreatment with mild oxidative stress was significant only for severe oxidative and heat stresses, whereas cells did not gain enhanced robustness toward severe acid stress upon pretreatment with mild oxidative stress when precultured at a low temperature. Also, the level of induced protection against severe oxidative and heat stresses was influenced by temperature, since the enhancement of robustness toward these stresses elicited by pretreatment with mild oxidative stress was, although significant, much lower than that observed at 30°C (Fig. 2) .
Evaluation of the biomarker potential of catalase activity. To evaluate whether catalase activity could predict the robustness
FIG 2
Catalase activity upon treatment with mild oxidative stress and robustness toward severe stresses for Bacillus weihenstephanensis cells precultured at 30°C. Cells were exposed to mild oxidative stress (0.05 mM H 2 O 2 ), and catalase activity was determined before (0 min) and after treatment with mild oxidative stress for 2 to 60 min. Also, untreated cells and mild-oxidative-stress-treated cells were inactivated by exposure to severe oxidative stress (0.2 mM H 2 O 2 at 30°C for 3.5 min), severe heat stress (46°C for 5 min), and severe acid stress (pH 3.1 at 30°C for 3.5 min) to quantify the effect of mild-stress treatment on robustness. The columns mark the number of cells that survived the severe-stress treatment compared to the initial number of cells (percent). Error bars represent standard errors of the replicates. OD, optical density.
level of cells treated with mild oxidative stress, the induction of catalase activity upon mild stress treatment was correlated to mild-stress-induced robustness. The correlation between both responses was significant for severe oxidative stress and heat stresses (P Ͻ 0.05) but not for severe acid stress (Fig. 4) . Because catalase activity was suitable to predict the enhanced robustness level toward both severe oxidative and heat stresses, these induction patterns were combined, and this correlation was shown to be significant (Fig. 4) . Catalase activity was therefore defined as a divergent biomarker (11) , as it could predict the enhanced level of robustness toward multiple stresses.
Also, for cold-grown cells, catalase activity emerged as a biomarker for mild-oxidative-stress-induced robustness toward severe oxidative and heat stresses, although the P values were slightly higher than those for cells precultured at 30°C, and the correlation between the induction of catalase activity and enhanced robustness was not significant for severe acid stress (Fig. 5) . When the significant induction patterns for severe oxidative and heat stresses were combined, catalase activity was suitable to predict the enhancement of robustness toward both stresses originating from pretreatment with mild oxidative stress and, therefore, also emerged as a divergent biomarker for cold-grown cells.
DISCUSSION
Changing environments trigger microbial adaptation and the activation of protective components that equip microorganisms
FIG 3
Catalase activity upon treatment with mild oxidative stress and robustness toward severe stresses for Bacillus weihenstephanensis cells precultured at 7°C. Cells were exposed to mild oxidative stress (0.05 mM H 2 O 2 ), and catalase activity was determined before (0 min) and after treatment with mild oxidative stress for 0.25 to 4 h. Also, untreated cells and cells treated with mild oxidative stress were inactivated by exposure to severe oxidative stress (0.5 mM H 2 O 2 at 30°C for 3.5 min), severe heat stress (47°C for 3 min), and severe acid stress (pH 3.7 at 30°C for 3.5 min) to quantify the effect of mild-stress treatment on robustness. The columns mark the numbers of cells that survived the severestress treatment compared to the initial number of cells (percent). Error bars represent standard errors of the replicates. OD, optical density.
FIG 4
Catalase activity as a potential biomarker for mild-stress-induced robustness for Bacillus weihenstephanensis cells precultured at 30°C. Cells were exposed to mild oxidative stress (0.05 mM H 2 O 2 ) for 2 to 60 min, and the induction of catalase activity and the induction of robustness for mild-stress-treated cells (s) were expressed relative to those of untreated cells (un) (log s/un). The robustness of untreated and mild-stress-treated cells was defined as the number of cells that survived the severe-stress treatment compared to the initial number of cells. against subsequent stresses and may provide enhanced robustness. Scavengers of reactive oxygen species (ROS) have crucial roles in controlling and adapting to oxidative stresses that microorganisms encounter during disinfection treatments and atmospheric modifications and as part of the host defense response (22, 23) . The significant role of ROS scavengers could point to a potential role as a biomarker for stress-induced robustness. During processing, distribution, and storage and upon the ingestion of foods, the temperature might vary significantly. Thus, investigations of the impact of temperature on the adaptive stress response and the predictive quality of potential biomarkers are of great interest. Predictions of stress-induced enhanced robustness using biomarkers will allow a better understanding of stress adaptation mechanisms and predictions of stress-adaptive traits in microorganisms.
Recently, we demonstrated that treatment with mild oxidative stress triggered enhanced robustness toward multiple stresses, including severe oxidative, heat, and acid stresses, in the mesophilic species B. cereus (11) , and similar adaptive patterns were observed for the psychrotolerant species B. weihenstephanensis in this study. These overlapping effects pointed to possibly overlapping mechanisms of cell death. Indeed, some studies showed that different severe stresses elicited a common secondary oxidative stress. Severe stresses, including heat and acid stress treatments, caused radical formation in B. cereus (24) (25) (26) , and a phenotypic screening of B. subtilis mutants showed that many of the genes displaying multiple severe stress management effects appeared to be involved in protection against oxidative damage (16, 27) . Also, in B. weihenstephanensis, a secondary oxidative stress response may be a common component of multiple severe stress stimuli, and it is conceivable that pretreatment with mild oxidative stress provides bacterial cells with a better ability to survive these conditions.
Chilling is widely used in minimally processed foods, and this study showed that it affected the robustness level of B. weihenstephanensis. Lowered incubation temperatures increased the robustness toward severe oxidative stress. Recently, it was shown for B. cereus that RNA helicases, which are critical in the RNA secondary structure resolution, were required for optimal growth under conditions of both low temperatures and oxidative stress (28) . Also, increased protein expression levels of catalase and superoxide dismutase were observed previously for Listeria monocytogenes at low temperatures (29) , and these findings indicate an overlap in the adaptation to both stresses. We observed increased transcriptional expression levels of catalases and higher enzyme activities in cold-grown B. weihenstephanensis cells, which might have contributed to the observed cross-protective effect. In contrast, culturing at low temperatures reduced the robustness level of B. weihenstephanensis cells toward acid stress compared to that of cells cultured at the optimal temperature, and this is in line with previously reported observations for other bacteria, such as Escherichia coli O157:H7 (30), L. monocytogenes (31) , and Salmonella enterica serovar Typhimurium (32), while underlying mechanisms remain to be elucidated.
Interestingly, temperature also affected the level of induced cross-protection elicited by pretreatment with mild oxidative stress in B. weihenstephanensis, and the robustness advantage decreased when the culturing temperature decreased. These results agree with data from previous studies of B. cereus (13) and L. monocytogenes (14) and indicate that a limited adaptive stress response might be expected at refrigeration temperatures. This underlines that the culturing temperature needs to be considered when adaptive stress responses are quantified to model microbial behavior throughout the chilled-food chain.
The canonical role of catalases in controlling and adapting to oxidative stresses pointed to a potential predictive role in oxidative-stress-induced enhanced robustness, and this was indeed demonstrated in this study. The quantified correlations supported the predictive quality of catalase activity but also underlined that predictive quality was stress specific. Catalase activity was shown to have a divergent predictive potential, as it could predict the robustness enhancement toward multiple stresses. Interestingly, catalase activity also emerged as a divergent biomarker in B. cereus (11) , revealing similar adaptive traits in two species of the B. cereus group. This pointed to an important role in stress adaptation and underlined the predictive potential of catalase activity as a biomarker.
In conclusion, we demonstrated that catalase activity could serve as a biomarker for stress-adaptive behavior in the psychrotolerant species B. weihenstephanensis but also highlighted that the predictive quality is stress specific. Similar findings for the mesophilic species B. cereus strengthen its predictive potential. Such findings must be validated for several species and may allow for the selection of robust biomarkers that can provide a better understanding of stress adaptation and may contribute to predict adaptive traits in microorganisms.
